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WehaveinvestigatedmagneticanisotropyenergyoftheantifbrromagneticNd2BaNiO5n＝48Ｋ）causedbythecrystallineelectricfield、rbrNi2＋ｉon，bycalculatingthecrystallineelectricfieldatNiionsitetheenergylevelsplittingoftheorbitalstatｅｏｆＮｉ２＋ioｎ（3F）ｈａｓｂｅｅｎｏｂｔａｉｎｅｄＷｅｈａｖｅｄｅｒｉｖｅｄｔｈｅＰｒｙｃｅ９ｓｓｐｉｎＨａｍｉｌｔｏｎｉａｎａｎｄｅｖaluatedthesingle-ion-typeanisotropyconstants・ＴｈｅｒｅｓｕｌｔｓｈｏｗｓｔｈａｔｔｈｅｅａｓｙｄｉｒｅｃｔｉｏｎｏｆｔｈｅｓｐｉｎｍｏｍｅｎｔｏｆＮｉ２＋ｉｏｎｉｓｐａｒａｌｌｅｌｔｏｔｈｅａ－ａｘｉｓ･ＥｂｒＮｄ３＋ionthecrystallineelectricfieldａｔＮｄｉｏｎｓｉｔｅｈａｓ
ｂｅｅｎｃａｌｃｕｌａｔｅｄ、Ｂytheuseofoperatorequivalentsmeｔｈｏｄ，ｗｅｈａｖｅｏｂｔａｉｎｅｄｔｈｅｅｆＴｂｃｔｉｖｅ
ＨａｍｉltonianfbrthetotalangularmomenｔｕｍＪｏｆＮｄ３＋ｉoｎ（419/2)．TheresulMndicatesthattheeasydirectionofNd，smagneticmoment（＝－９J血B）isparalleltothec-axis・These
calculatedresultsarediscussedinconnectionwithobservatioｎs．
llntroduction
Nd2BaNiO5isanantiferromagnetbeｌｏｗＴ}Ｆ48Ｋ[1]．Thecrystalstructureofthiscompound(seeFigl)issimilartothatofY2BaNiO5whichiswellknownasone-dimensionalHaldanesystem・InY2BaNiO5thenon-magneticY3＋ionisintervenedbetweenone-dimensionalNiO6chains・ByreplacingY3＋ｉｎＹ２ＢａＮiO5bythemagneticNd3＋，amaglleticcouplingiscausedbetweentheNiO6chajnsandthenthree-dimensionalmagneticorderingoccｕｒｓｉｎＮｄ２ＢａＮｉＯ５・ＦｂｒａｓｉｎｇｌｅｃｒｙｓｔａｌｏｆＮｄ２ＢａＮｉＯ５ｔｈeantiferromagneticorderingwasobservedbytheneutrondiflractionmeasurement,andthedirectionofmagneticmomentwasfbundtobealongthec-axisfbrNd3＋andtiltedfromthec-axis
totheQ-axisbytheangleofabout35ofbrNi[2lOkuboetql､measuredthemagnetizationprocessundertheexternalfieldappliedalongtheGaxisandfbundtwokindsofthemetamagnetictransition、TheyreportedthattheeasydirectionofthetotalmagneticmomentofNd2BaNiO5isparalleltothec-axis[3１
１nthispaperweinvestigatethesingle-ion-typemagneticanisotropｙｏｆＮｉ２＋ａｎｄＮｄ３＋ｉｏｎｓｏｆ
Ｎｄ２ＢａＮｉＯ５ｃａｕｓｅｄｂｙｔｈｅｃｒｙｓtallineelectricfield・ＴｈｅｃａｓｅｏｆＮｉ２＋ｉｏｎａｎｄｔｈａｔｏｆＮｄ３＋ｉｏｎａｒｅ
ｓｔｕｄｉｅｄｉｎ２ａｎｄ３,respectively、
２ＴｈｅｃａｓｅｏｆＮｉ２＋ｉｏｎ･
TheCrystallineelectricfieldfbrone3delectronofNi2＋ｉon,arisingfromthelst,2,.,…neigh-boringions,ｃａｎｂｅｅｘｐｒｅｓｓｅｄａｓ
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Figure2：OrbitallevelsplittingofNi2＋、Figurel：CrystalstructureofNd2BaNiO5,
wherethepolarcoordinate(Ｍ,ｐ)withthepolaraxis(z)parallelto
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where(Rj,ｏｆ,②)denotesthei-thneighbor，sioncoordinateandi＝1,2fbrOxygen,i=３fOrNd,i=４
fbrBa,ｉ＝５fbrNi,ｉ＝６ｆｂｒＯ,ｉ＝７fbrNd,ｉ＝８ｆｂｒＯａｒｅｕｓｅｄ
ＴｈｅｆｒｅｅＮｉ２＋ionhaseight3delectrons、ＩｎｔｈｉｓｃａｓｅＮｉ２＋ｉｏｎｃａｎｂｅｔｒｅａｔｅｄａｓｔｈｅｉｏｎｈａｖｉｎｇ
ｔwodelectronswithpositivecharge・ThelowestmultipletｏｆＮｉ２＋ionis3Fwhichhasseven-fbld
orbitaldegeneracyandorbitalfUnctionsareexpressedas⑪3±３，⑪3±２，⑩3±１，，３o，wherethefirstand
secondsufIixesｏｆ⑪denotetheorbitalquantumnumberandtheorbitalmagneticquantumnumber・
Inordertoobtajntheorbitallevelsplittinginthecrystalwehavecalculatedthematrixelementsof
eZV(ＭＷ`)(e〉0)withrespecttothesevenorbitalfimctionsTheoEbitallevelsplittingand
j＝１，２
thewaﾊﾞﾉefUnctionofeachlevelcalculatedbytakingaccountofthecrystallineelectricfieldarising
fromthelstnearestneighbortothe8thneighborions,successively,ａｒｅｓｈｏｗｎｉｎＦｉｇ２Ｈｅｒｅｗｅｕｓｅｄ＜７２＞＝2.21a.ｕ・ａｎｄ＜ｒ４＞＝7.85a.ｕ､．ThesevaluesarecalculatedbyusingSlater，ssemiempiricalfunctionfbrthe3dradialfUnctionofNi2+ThegroundstateisgivenbyO7065(⑰32＋⑪3-2)-00409⑪３０，
wherethewaﾊﾞｸﾞefUnction(⑭32＋⑰3-2)isextendedtowardthenearestneighboringfburoxygenions
inthe6c-plane、Theenergyseparationbetweenthegroundstateandthelstexcitedstatesisroughly5000cm-10nthebasisoftheobtainedorbitallevelsplitting,weha('ederivedthespinHamiltonian[4］inthefbllowingfOrm：
Hs＝Ｄｓ:＋E(s:－s;)， (2.3）
where
､一人．(ﾙｰ;(いり｝
E一芸トリ
(24）
(25）
ｗｉｔｈ
＜９１L似|e＞＜elLu,'９＞Ｚ痢ルレ (2.6）Ｅｅ－Ｅｇ
入isthespin-orbitcouplingcoeHicient,andEgandEoareenergyvaluesofthegroundandexcited
states，respectively・Ｌｚ，Ｌ⑩ａｎｄＬｇｈａＮ/ematrixelementsbetweenthegrounｄｓｔａｔｅａｎｄｔｈｅｌｓｔ，３ｒｄ
ａｎｄ５ｔｈ，２ndand5thexcitedstates,respectively・ＤａｎｄＥａｒｅｅｖａｌｕａｔｅｄａｓ
Ｄ＝-0.00025入2ｃｍ￣’＝-28.06ｃｍ￣’
Ｅ＝0.00011入2ｃｍ－１＝12.34ｃｍ－１．
Ｈｅｒｅ入＝-335ｃｍ－１ｆｂｒｔｈｅｆｒｅｅＮｉ２＋ｉｏｎｉｓｕｓｅｄＴｈｅｎｅｇａｔｉｖｅｓｉｇｎｏｆＤｍｅａnsthattheeasydirectionofspinofNi2＋isparalleltothez-axis(/m-axis)．Thisresultisconsistentwiththecase
ofY2BaNiO5[5]whichhasasimilarcrystalstructureandalmostthesamelatticeconstantstothose
ofNd2BaNiO5・ＩｎＮｄ２ＢａＮｉＯ５，however，theneutrondifIractionmeasurementreportedthatthe
magneticmomentofNiistiltedfromtheQ-axistowardthec-axisbytheangle～55｡[２１TbdeterminetheeasydirectionofNimomentacouplingbetweenNiandNdmomentsisimportant．
4６MakotoOKAzAKI,HarukiSHouREMMasafumiOoHIGAsHI，NorikazuTANAKAandKazukoMoTIzuKＩ
３ＴｈｅｃａｓｅｏｆＮｄ３＋ion
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wherethepolaJFcoordinatewiththepolaraxis(z)paralleltotheq-axisisusedandB2oetoare
obtainedasfbllows：
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１ｆｗｅｕｓｅ(Ｍ,z)coordinates,Ｖ(r,0,ｐ)givenbyeq.(3.1)isrewritteninthefbllowingfbrm：
Ｖ(`Ｍ/,z)＝万２０(3z2-r2)＋Ｄ22(⑳２－y2）
＋万４０(35z4-30r2z2＋3r4)＋万42(7z2-r2)(z2-g2)＋万44(z4-6z2ﾂﾞ2＋ｇ４）
＋豆６０(231z6-315z4r2＋105z2r4-5r6)＋万62(33z4-18z2r2＋r4)(z2-U2）
＋万64(11z2-r2)(z4-6⑪22ﾉ2＋ｇ４)＋Ｄ66(z6-15z4Z/2＋15z2Zﾉ４－y6)，（33）
wherethetermsexpressedbyoddfUnctionswithrespecttox,y,zareomitted，becausetheseterms
areineffectivefbrorbitallevelsplittingofNd3+、Ｄ２ｏｅｔｃ・areproportionalto
a｡=偏Ｂ２･伽（Ml
ThefreeNd3＋ionhasthree4felectronsandthelowestmultipletisgivenby419/２（ルー９/2,Ｌ=６，ｓ＝３/2)TheinteractionHamiltonianbetweenthreefLelectronsandthecrystallineelectricfieldis
expressed州…＝ｅＺＶ(､城川)(e>O)Accordingtotheoper伽equivalentsmethod[6]，
ｉ＝１，２，３
wecanrewriteZV(麺Ｗ`,z`)mthefbrmexpressedbythetotalangula正momentumoperatorJ
Then7Yc7zﾉｓｉsobtainedinthefbllowingfbrm：
兜…一層(．<『恩>{豆麺(ａｆｊ(川))+;､蕊(Ｊ１+'２)｝
＋β<r4>{豆４０(35J:-30J(J＋1)J:＋25J:－ＭJ＋1)＋3J2(J＋1)2）
＋ia2((蝉+J2)(7ｆＪ(J+')-5)+(㎡-J(J+')－５)(丘十J三)）
＋;a仏十正)｝
＋γ<『6>{豆６０(231J?－(315J(J＋1)-735)J:＋(105J2(J＋1)2-525J(J＋1)＋294)J：
－５J3(J＋1)3＋40J2(J＋1)2-60J(J＋1)）
＋:豆"(、-(1Ｗ+')+'23)j:+J'(J+')，+Ⅲ(J+')+'02)(Ｊ１+Ｚ）
＋(』竿十J2)(33J！－(18J(J＋1)＋123)J:＋J2(J＋1)2＋10J(J＋1)＋102）
＋:F"((蝉十J２)(ufJ(J+,)-38)+(nJ:-J(J+,)-38Ｍ+妃)）
＋学ｗＭ}｝（35）
whereα＝一五J=青,β＝－蒜玲,γ＝一百;鶚宕雷Ⅱ…givenbyeq(３５)representstheanisotropyHamiltonianfbrJ・TherefbreonthebasisofthisHamiltonianwecandiscusstheeasydirectionofthemagneticmomentofNd3＋ｗｈｉｃｈｉｓｇｉｖｅｎｂｙ－ｇＪ似ＢＪ、Fbrsimplicity,ifweconsiderthesecondordertermｓｏｆＪ，theeasydirectionofthemagneticmomeｎｔｉｓｐａｒａｌｌｅｌｔｏｔｈｅＺﾉｰaxis(b-axis),becausethecoefIicientsof(3J２－J(J＋1))termand(J:－J;)termarepositiveThisresultisconsistentwiththeobservedonebytheneutrondiffractionexperiment、Theenergyoftheten-fblddegeneraｃｙｏｆＪ－ｓｔａｔｅｉｓｓｐｌｉｔｂｙ兜c…．Thecrystallineelectricfieldsarｉｓｉｎｇｆｒｏｍｔｈｅｌｓｔｎ.n．tothe35thneighboraretakenintoconsiderationWehavecalcutatedeigenvaluesandeigenfUnctionsof打。ｱﾂｓｂｙｕｓｉｎｇ＜７２＞＝2.04a.ｕ､，＜７４＞＝6.27a.ｕ・ａｎｄ＜７６＞＝26.96a.ｕ､、ThesearecalculatedbytheuseofSlater，ssemiempiricalfilnctionfbrthe4fradialfimctionofNd3＋ｉon，Thegroundstateisdoublydegeneratｅｄａｎｄｆｂｕｎｄｔｏｂｅ
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ThewavefUnctionsofthefiveexciteddoubletshavethesamefbrmswiththoseofthegrounddoublet、
ThecoefIicientsa，６，…，earecalculatedasshowninlnblel
lnordertostudywhichdirectionistheeasydirectionofthemagneticmomentofNd3＋inNd2BaNiO5，
Tnblel：CoeHicientsofthelineaJFcombinationof1P器,⑩鑑etcfbrthegroundandexcitedstates
ｂ ．ａ Ｃ ｅ
groundstate
lstexcitedstate
2rdexcitedstate
3rdexcitedstate
4thexcitedstate
-0.0361
-0.0930
0.1478
０．０１９０
0.9838
-0.1402
-0.5443
0.8003
0.1079
-0.1789
0.8524
0.3471
0.3694
0.1282
0.0061
-0.4987
0.7572
0.4165
0.0661
-0.0106
-0.0615
-0.0346
-0.1668
0.9835
0.0005
wehaN'efirstcalculatedtheZeemansplittingofthedoublydegeneratedgroundstaM/hand⑫9,and
thenmagneticsusceptibilitytensorルル,〃＝`Ｍ,z),wherMdenotesthedirectionoftheapplied
fieldand〃denotesthedirectionofthemagneticmomentinducedbytheappliedfieldThecalculated
resultsareasfbllows:ルレbecomesdiagonaltensorandXggisthelargestcomparedwithX…Xzz・
TherefOre,theeasydirectionofthemagneticmomentofNdisparalleltothey-axls,namelyparallel
tothec-axis､Thisisconsistentwiththeobservedresult[2１
４Conclusion
Thesingle-iontypemagneticanisotropyofNi2＋ａｎｄＮｄ３＋ｉｏｎｓｏｆＮｄ２ＢａＮｉＯ５ｃａｕｓｅｄｂｙｔｈｅ
ｃｒｙｓtallineelectricfieldhasbeenstuｄｉｅｄｏｎｔｈｅｂａｓｉｓｏｆｔｈｅｐｏｉｎｔｃｈａｒｇｅmodeLForNi2＋ion
theeasydirectionofthemagneticmomentisobtajnedtobeparalleltothea-axis・Thisresultis
inconsistentwiththeobservedonewhichistiltedfromthea-axistowardthec-ａｘｉｓｂｙｔｈｅａｎｇｌｅ～55..
1bdeterminetheeasydirectionofNiｍｏｍｅｎｔａｃｏｕｐｌｉｎｇｂｅｔｗｅｅｎＮｉａｎｄＮｄｍｏｍｅｎｔｓshouldbe
takenintoconsideration・ＦｂｒＮｄ３＋ionwehavesucceededinexplajningtheobservedeasydirectionof
Ndmoment,whichiｓparalleltothec-axis,bythesingle-iontypeanistropycausedbythecrystalline
electricfield．
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